INTRODUCTION
============

Microfluidics is the science and technology that deals with fluids usually in the range of microliters (10^-6^) to picoliters (10^-12^). Since microfluidics typically deals with fluids in the microliter scale, it has several advantages, including low consumption of samples, short analysis time, and high sensitivity \[[@b1-inj-1734838-419]-[@b4-inj-1734838-419]\]. The portability and fast processing speed of microfluidic devices also allows for in situ and real-time analysis.

A conventional microfluidic device consists of microchannels molded in a polymer. Polydimethylsiloxane (PDMS) is commonly used for molding microfluidic chips because it is a transparent and biocompatible elastomer. The fabricating process of PDMS-based microfluidic devices, which is based on soft lithography, consists of the following steps: (1) master fabrication steps, including spin coating of a photoresist film, exposure, and development to form the mold on a silicon substrate; (2) device fabrication steps, including pouring the PDMS on the master, punching holes with a biopsy punch, and bonding the PDMS structure to glass. Recently, paper-based microfluidic devices have been proposed as cheap, portable, and disposable devices \[[@b5-inj-1734838-419]-[@b7-inj-1734838-419]\].

Ever since this emerging discipline was introduced in the early 1990s, microfluidics has grown rapidly in the field of biomedical applications \[[@b8-inj-1734838-419],[@b9-inj-1734838-419]\]. Microfluidic devices are very useful tools for molecular separation, biochemical assays, drug screening, chromatography, and migration assays \[[@b10-inj-1734838-419]-[@b14-inj-1734838-419]\]. Lap-on-chip and organ-on-chip based on microfluidic devices have also been widely used for high-throughput screening applications \[[@b15-inj-1734838-419],[@b16-inj-1734838-419]\].

Microfluidic devices have not been widely used in urological research yet. However, some pioneering studies have been reported for bladder and prostate cancer detection, urine analysis, and sperm characterization. In this review, we will summarize research works that use microfluidics and discuss its application in urology.

MICROFLUIDIC PLATFORM FOR UROLOGICAL RESEARCHES
===============================================

Screening for Prostate and Bladder Cancer
-----------------------------------------

Microfluidics has been considered a promising tool to analyze cancer cells and tumor function owing to its high sensitivity, high throughput, and less material consumption. Microfluidic devices offer various microenvironments for cell culture, from 2-dimensional to complex 3-dimensional systems, and the complex coculture system \[[@b17-inj-1734838-419],[@b18-inj-1734838-419]\]. Various microfluidic platforms have been developed to understand cancer cell migration and metastasis under various conditions, such as varying chemical gradients and mechanical constraints ([Fig. 1](#f1-inj-1734838-419){ref-type="fig"}) \[[@b19-inj-1734838-419]\]. A microfluidic device to detect metastatic cancer cells based on their size and deformability was also fabricated \[[@b20-inj-1734838-419]\].

A microfluidic device has been developed for prostate and bladder cancer research for various procedures, including biomarker detection, characterization of cancer cells in various microenvironments, and circulating tumor detection. Prostate cancer is the most common type of cancer among males and the sixth most common cause of death in males \[[@b21-inj-1734838-419]\]. A prostatic-specific antigen (PSA), which is one of the available biomarkers of prostate cancer, is widely used for the screening of prostate cancer. However, the conventional PSA test has drawbacks, such as excessive sample consumption, restrictive control of the analytes in the reaction chamber, and lack of multiplexing capabilities \[[@b22-inj-1734838-419]\]. Therefore, the use of a microfluidic device has been considered an efficient approach to overcome these drawbacks. Madaboosi et al. \[[@b23-inj-1734838-419]\] fabricated a PSA detection system based on a microfluidic immunoassay ([Fig. 2](#f2-inj-1734838-419){ref-type="fig"}). The microfluidic enzyme-linked immunosorbent assay was integrated with photodetectors to sense the free isoform of the PSA with labeled antibodies by using all 3 detection modes. This integrated system showed enhanced reliability in signal acquisition and refined sensitivity even for low detection limits. Chiriacò et al. \[[@b24-inj-1734838-419]\] introduced a PSA microfluidic sensing platform integrated with electrochemical impedance spectroscopy. This platform allowed for quick screening and contemporary detection of free and total PSA using 2 different antibodies that are immobilized on a single chip.

Bladder cancer is a common urologic cancer that has the highest recurrence rate among all other malignancies \[[@b25-inj-1734838-419]\]. The microfluidic-based microenvironment is a good model to investigate the tumor growth, metastasis, and dynamic interplay between the cells. The mitochondrial-related protein expression in the bladder cancer cells was investigated in coculture conditions using a microfluidic chip \[[@b17-inj-1734838-419],[@b18-inj-1734838-419]\]. A chip for the coculture of bladder tumor cells and fibroblasts was composed of 2 cell culture pools for human skin fibroblasts and the human bladder tumor cells. The pools were connected using microchannels and peripheral perfusion channels. Using this coculture system, it was observed that the high-energy metabolites transferred to adjacent tumor cells in a specified direction. To study the effects of the microenvironment on bladder cancer, the microfluidic device based on 4 types of cells coculture system was suggested \[[@b18-inj-1734838-419]\]. This system consisted of perfusion equipment, matrigel channel units, a medium channel, and four indirect contact culture chambers in which the 4 types of cells (stromal cells, fibroblasts, endothelial cells, and macrophages) could be cultured simultaneously.

Fast and Reliable Urine Analysis
--------------------------------

Clinical analysis of urine has been used to diagnose several diseases. The changes in urine composition, such as the changes in the levels of glucose, albumin, creatinine, and uric acid, may provide information about organ dysfunctions, drug abuse, and exposure to chemicals and toxins \[[@b26-inj-1734838-419]\]. Conventional methods to examine urine samples are physical (color, odor, etc.), biochemical, and microscopic examinations. Microfluidic devices are typically used in the manipulation of fluids with a small quantity of sample, under a precisely controlled flow rate. Therefore, they are very useful devices for urine sample pretreatments and sensing urinary molecules. Miyaguchi et al. \[[@b27-inj-1734838-419]\] developed a microchip for liquid--liquid extraction as a sample pretreatment device prior to carrying out gas chromatography analysis of the amphetamine-type stimulants in the urine ([Fig. 3A](#f3-inj-1734838-419){ref-type="fig"}). The interface between the organic solvent and alkalized urine was stabilized by using the microchannels modified by a capillary-restricted modification method. Microfluidic devices have been used for the detection of urinary macromolecules, including protein, virus, and bacteria. Kaigala et al. \[[@b28-inj-1734838-419]\] demonstrated the cost-effective detection of the BK virus (viral load) from nonpretreated urine samples using microfluidic devices. A detection sensitivity of as low as 1--2 viral copies was obtained by the integration of a small volume genetic amplification (polymerase chain reaction). Microfluidic devices for urinary micromolecules, including creatinine, galactose, and inorganic ions have also been demonstrated by several groups. For analyzing urinary creatinine, a microfluidic system based on a 2-point alkaline picrate kinetic reaction was developed ([Fig. 3B](#f3-inj-1734838-419){ref-type="fig"}) \[[@b29-inj-1734838-419]\]. The microchip was connected to 2 syringes for delivering the samples, and it was connected to a miniature fiber optic spectrophotometer for measuring the absorption light at 510 nm. This system exhibited good reproducibility and a high correlation with the conventional spectrophotometric method. The integration of microfluidic devices with different approaches, including electrophoresis, optics, and immunoassays, was successfully used for detecting drugs and metabolites in urine samples \[[@b30-inj-1734838-419],[@b31-inj-1734838-419]\]. Caffeine and theophylline could be effectively separated using the microchannel electrophoresis integrated with electrochemical detection, and illicit drugs were detected with a high accuracy using the microfluidic device with an ultraviolet detection function.

Sorting Sperm
-------------

Male infertility is closely related to the motility of sperm. Many microfluidic systems have been proposed for quantifying sperm quality and sorting sperm by their motility. According to the principle, the microfluidic device for sperm sorting can be categorized into the following 3 groups: passively driven devices, flow-driven devices, and combined devices for thermotaxis and chemotaxis \[[@b32-inj-1734838-419]\]. The principle of passively driven devices is that motile sperm can be collected within a specific period of time in the outlet of the microfluidic channels, while less-motile sperm are left behind in the microchannels \[[@b33-inj-1734838-419]\]. In flow-driven devices, sperm encounters a flow in a direction that is opposite to its movement \[[@b34-inj-1734838-419]\]. The sperm are segregated into different channels depending on their motility and are counted thereafter. The combined microfluidic device with a chemoattractant was fabricated with a straight channel connected to a bi-branch channel \[[@b35-inj-1734838-419]\]. The sperm motility under the chemical gradient was monitored, and the chemotaxis was analyzed by using the ratio of the sperm collected in different branches.

CONCLUSIONS
===========

Although a microfluidic system has many advantages, it is still a relatively new technology in the field of urology research. Recently, some successful implementations of microfluidic devices have been demonstrated for cancer diagnosis, urine analysis, and sperm sorting. However, more promising microfluidic systems and research works are required for such systems to be applied in the clinic. Therefore, it is important to continue the development of this new technology in cooperation with the relevant users.
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![(A) A schematic illustration of microfluidic device for single-cell migration. (B) Enlarged schematics of cell capture site in the device. (C) The single-cell (SKOV3) migration assay depending on hepatocyte growth factor (HGF). The migration of SKOV3 with and without (control) HGF was observed for 24 hours. The 2 images in upper row shows the distribution of cells after loading, and that of lower row shows the distribution after 24 hours. (D) The cell migrated in three steps of captured, attached, and migrating. (E) Result of the migration assay as a function of HGF concentration. The SKOV3 cells migrated more as the HGF concentration increases. Reprinted from Chen et al. Sci Rep 2015;5:9980 \[[@b19-inj-1734838-419]\], with permission of Nature Publishing Group.](inj-1734838-419f1){#f1-inj-1734838-419}

![(A) Microfluidic-enzyme-linked immunosorbent assay (ELISA) system for the sensing of prostate cancer biomarkers using integrated photodiodes. (B) A schematic illustration of microfluidic channel for forming micro-ELISA (1 cm × 300 μm) and inlet/outlet (0.1 cm). (C) A schematics of prostatic-specific antigen (PSA) sensing by combination of microfluidics and immunoassays. PCB, printed circuit board; PDMS, polydimethylsiloxane; FITC, fluorescein isothiocyanate; HRP, horse-radish peroxidase; BSA, bovine serum albumin; Ab, antibody. Reprinted from Madaboosi et al. Sensor, IEEE 2014 proceeding \[[@b23-inj-1734838-419]\], with permission of Institute of Electrical and Electronics Engineers.](inj-1734838-419f2){#f2-inj-1734838-419}

![(A) Illustration of the microchip-based liquid--liquid extraction system for the gas-chromatography analysis of amphetamine in urine. The long microchannel (180-mm length) with 2 inlets and outlets respectively were fabricated on a thick Pyrex glass plate. PDMS, polydimethylsiloxane. Reprinted from Miyaguchi et al. J Chromatogr A 2006;1129:105-10 \[[@b27-inj-1734838-419]\], with permission of Elsevier B.V. (B) A schematic illustration of the portable microfluidic system for determination creatinine in urine. The microfluidic system is consisted of 2 injection valves, aluminum heating box, temperature controller, light source, and detector. Reprinted from Songjaroen et al. Anal Chim Acta 2009;647:78-83 \[[@b29-inj-1734838-419]\], with permission of Elsevier B.V.](inj-1734838-419f3){#f3-inj-1734838-419}
